To determine optimal future National Institutes of Health (NIH) funding levels, the longitudinal correlation of the level of investment in NIH research with population changes in the risk of specific diseases should be analyzed. This is because NIH research is the primary source of new therapies and treatments for major chronic diseases, many of which were viewed as relatively untreatable in the 1950s. NIH research is also important in developing preventative and screening strategies to support public health interventions. These correlations are examined 1938 to 2004 for 4 major chronic diseases [cardiovascular disease (CVD), stroke, cancer, and diabetes] and the NIH institutes responsible for research for those diseases. This analysis shows consistent non-linear temporal correlations of funding to mortality rates across diseases. The economic implications of this are discussed assuming that improved health at later ages will allow projected declines in the rate of growth of the US labor force to be partly offset by a higher rate of labor force participation in the US elderly population due to reduced chronic disease risks and functional impairment.
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cancer ͉ heart disease ͉ longitudinal ͉ mortality S cientific and clinical investment directed at reducing the prevalence and progression of chronic diseases, and associated chronic disability, could be a major stimulus to US economic growth by preserving and enhancing the volume and quality of human capital at later ages (1, 2) . Using the 1982 to 2004 National Long Term Care Survey (NLTCS), linked to Medicare records of individual sample members, we found significant health intervention innovations are not only probable, but that human capital growth has been accelerating (3) . Efforts to improve clinical and preventative interventions, and the health care delivery system, to maintain and increase human capital at later ages will also be important for growth in economically developing societies [e.g., China, Russia, India (4)]. Those countries do not yet appear to be systematically responding to these socio-demographic and economic challenges. This is currently a competitive advantage for the US, Japan, and selected European economies, that is, they will have more rapid rates of innovation in health technology inputs for labor force enhancement and maintenance at later ages (4) . Failure to invest in human capital is a ''latent'' cost of current growth which, like environmental degradation, will be charged against future growth.
A major issue in evaluating human capital growth effects on the US economy is to determine how expenditure growth for the National Institutes of Health (NIH), the primary federal public health organization for sponsoring biomedical and clinical research and its dissemination, operated over time to increase the volume and quality of human capital in the US (5) . Establishing the effects of NIH funding and biomedical research on US population health trajectories over time is difficult. Not only is there complexity in biomedical research and the physiological mechanisms of health problems at later ages, but also in the health service, economic and insurance systems, necessary to translate new biotechnologies and clinical innovations into their population health potential.
Such analyses require data sources describing long-term NIH funding and US population health trajectories. Data are available on annual expenditures of institutes comprising the NIH starting in 1938 with the inception of the National Cancer Institute (NCI). NIH traces its roots to 1887 with the creation of the Laboratory of Hygiene at the Marine Hospital in Staten Island, New York. The modern NIH was formed in 1948 with the creation of 4 institutes. The National Health Blood and Lung Institute (NHLBI) was created to deal with circulatory diseases emerging as the dominant health problem facing US post WWII society. Epidemiological research sponsored by NHLBI was crucial to targeting behavioral and nutritional inputs to circulatory disease primary and secondary prevention as well as to improved clinical control of risk factors and disease outcomes. Three other institutes were established in 1948: the National Institute of Allergy and Infectious Diseases (NIAID), the National Institute of Dental and Craniofacial Research (NIDCR), and the National Institute of Diabetes and Kidney Diseases (NIDDK). New institutes and centers have been added. In 2000, the National Institute of Biomedical Imaging and Bioengineering (NIBIB) became the 27 th institute. The expectation chronic diseases would evolve as dominant health problems in industrialized nations was expressed by US and European epidemiologists and demographers who observed 1) improved control of infectious diseases and childhood and infant mortality in the first half of the 20 th century, 2)changes in socioeconomic, behavioral, socio-hygienic, and nutritional fabric of US society (6) , and 3) as US life expectancy increased, future health improvements coming at later ages and being due to better long term control of chronic circulatory diseases and cancer emergedmedical interventions whose population efficacy had not been, heretofore, observed. Authors such as McKinlay and McKinlay (7), suggested modern medicine had not made significant progress in treating chronic diseases. Omran (8) argued the US and other industrialized nations were undergoing socioeconomic and environmental changes increasing chronic degenerative disease risk (i.e., the third stage of the epidemiological transition).
Bourgeoise-Pichat (9) and other demographers felt US life expectancy reached intrinsic biological limits in the 1970s. Fries (10) agreed that a biological limit to US life expectancy was manifest in the US and other industrialized nations (e.g., Japan) but, in his ''morbidity compression'' model, he suggested the age at onset of chronic morbidity and disability was more ''plastic'' than age at death and could be more readily delayed-nearly to biological life expectancy limits. In the US, the pessimistic population health arguments driven by the concept of biological (longevity and chronic morbidity) determinism (lack of plasticity) were initially supported by the observation that cardiovascular disease (CVD) increased mortality for adult males from 1954 to 1968. This 14-year hiatus in post WWII adult health improvements (not experienced by US females) was used in US projections to argue human life expectancy limits would be reached by 1977 (11) .
In 1969, health conditions changed and male CVD mortality began to decline-a trajectory continuing to 2006. Other authors (e.g., 12) suggested that, along with plasticity in the rate of aging and progression of chronic degenerative diseases, there was not a ''fixed'' biological limit to human life expectancy. Changes in health and function at late ages were positively correlated with human longevity increases so that population morbidity, disability, and mortality were processes in dynamic equilibrium (3), each subject to modification to ever advancing ages by biomedical, clinical and public health innovations.
Fogel (6) argued techno-physiological evolution in the US improved health by making the socio-environmental context "friendlier" to health parameters. Techno-physiological evolution (13) explained a slow (0.6% per annum), long-term rate of improvement in US health since the Civil War. Manton et al. (1) suggested societal evolution may enhance aggregate cognitive fitness and mental function in addition to physical health-further enhancing positive economic effects. Manton's (12) arguments about the equilibrium of plastic morbidity, disability, and mortality processes, correlated with increases in NIH funding, may, in part, explain the recent acceleration of chronic disability declines at later ages.
Much of the early decline in male CVD mortality could be traced to observations made early in the Framingham heart study (started in 1950 by NHLBI) the first of a number of US longitudinal community studies of circulatory diseases investigating the role of cholesterol, smoking, blood pressure and diabetes in CVD (and stroke). Identification of risk factors, development of effective interventions (e.g., new antihypertensive drugs with fewer side effects), and their dissemination into national clinical practice and health behavior patterns, took 14 years (1954 to 1968) before positive health effects emerged nationally. During this period, smoking (and later, obesity and diabetes) risks increasedadverse trends that clinical and public health innovations stimulated by NIH research also had to overcome to manifest net positive health effects for the US population. Thus, the benefits of NIH biomedical and clinical research may be underestimated, that is, pessimistic sociodemographic and epidemiological theories were not wrong about adverse health effects of modern industrial society. Additionally, the importance of NIH research for innovation in public health interventions is often underestimated. Recent medical technologies are often based on improved knowledge of the genetic and molecular basis of circulatory disease [e.g., research on progenitor cell interventions in atherosclerosis, Kravchanka et al. (14) and the role of inflammatory cytokines as CVD risk factors, like c-reactive protein and IL-6 (15)], and improved population screening for diseases.
In 1972, the War on Cancer was declared, which stimulated growth in cancer funding in the 1970s and 1980s. Critics argued there was insufficient progress in the War on Cancer because of disproportionate effort expended on cancer therapy and treatment (e.g., 16). It is incorrect to suggest that the war on cancer ignored prevention and public health strategies. One problem in preventing and treating (and curing) cancer was that it is many diseases each tied to heterogeneous genetic profiles and molecular dynamics. Early treatment advances against cancer mortality were primarily made for rapidly growing childhood tumors and leukemias. Early age-limited progress in clinical management of cancer reflected the initial focus of NCI research on cytotoxic drugs generally tested, starting in 1955, against rapidly growing tumor cell lines. In the mid 1980s NCI drug screening was modified to better focus on solid tumor cell lines in adults, and in the 1990s, to emphasize alternative cancer treatment modalities (e.g., high drug dose regimens with bone marrow rescue). Changes in anti-tumor therapy, including chemotherapy to attack tumors using mechanisms other than cytotoxicity [e.g., cell signaling pathways, angiostatic agents (17); growth factor blockers; anti-metastatic drugs and immunotherapy], and public health initiatives against smoking, and promoting screening for breast and colon cancers, led to the initiation of US cancer mortality reductions in 1990. Cancer mortality rates declined 16% 1990 to 2006.
To characterize these processes, we analyzed trends in total mortality, and cause-specific mortality for 4 chronic diseases (CVD, stroke, cancer, and diabetes), which were related to the funding trajectory of NIH-and to each of 4 relevant NIH institutes.
Results
The temporal relation of NIH funding and age adjusted death rates for each of the 4 causes is in Fig. 1 . We used inflation adjusted annual expenditures for all NIH institutes beginning in 1938 with the creation of NCI. The national health trend data are rates (age-standardized to 2000) for total mortality and mortality specific to heart disease, stroke, cancer, and diabetes, Declines in heart disease and stroke began after large real increases in the NIH budget from 1956 to 1967. Total cancer mortality rates did not decline until 1990, 25 years after identification of the effect of smoking on lung and other cancers and 18 years after the start of the War on Cancer. The diabetes pattern is obscured by the health effects of increases in obesity prevalence, and changes in diabetes diagnostic and screening practices (18) .
There is evidence of lagged negative correlations between the trajectory of NIH (and institute specific) funding and 3 of 4 causes of death representing 2/3 of US mortality 1950 to 2006. Dependent competing risks (19) and physiologic correlations of the 4 diseases exist at the individual level. Some increase in diabetes mortality may be due to biomedical and clinical advances preventing lethal circulatory events and delaying death for the individual to later ages where there is an increased direct mortality risk of diabetes.
In Fig. 2 we relate institute specific funding to each of 4 mortality trends. Fig. 2A and B, for heart disease and stroke, are similar with large declines beginning in the late 1960s. To provide substance to the time lines the numerals indicate select research and therapeutic milestones.
Selected Milestones (Fig. 2A ). Selected Milestones (Fig. 2B ). For diabetes, after a post-World War II drop in mortality, there is an irregular pattern in which health improvements due to improved management of diabetes and related risk factors was hidden by surges in US obesity prevalence (2) and improved screening of previously undiagnosed adult diabetes (18) . Diabetes mortality declined 1970 to 1990 due to reduction in co-morbid circulatory diseases and increased 1990 to 2005.
NHLBI founded (1948

Start of NINDS (1954
Selected Milestones (Fig. 2D ). Although cause-specific mortality is an index of efficacy in changing the risk of specific diseases, the economic impact of cause-specific changes can also be summarized by their effect on the function of individuals at late ages where chronic disease has its greatest impact. This is relevant to human capital and may be a better index of health program efficacy in economically developed nations [e.g., measures of active life expectancy (20, 21) ].
Estimates of the rate of disability changes before 1980 are from analyses of Civil War veterans and recruits by Fogel and Costa (13) that suggest a long term (from the end of the Civil War to the 1980s), slow decline in chronic disease and disability of 0.6% per annum occurred. Much of this improvement was due to health interventions at earlier ages which reduced individual chronic disease risks (e.g., preventing rheumatic heart disease at young ages prevented damage to the myocardium that would have produced congestive heart disease in survivors at later ages).
NIH funding did not manifest significant correlations with declines in the prevalence of disability in the elderly until 1984-1989-16 years after CVD and stroke mortality began to decline. For circulatory diseases, specific clinical and public health innovations have been shown to have large effects on mortality and disability and to be cost-effective (22) . Labor force participation rates of persons 65ϩ (23) and 3% per annum 1996 to 2006. Pressures to delay retirement will increase due to changes in pension programs and recent adverse economic events, such as the loss of equity in the US housing market (24) . More detailed analyses of US health changes would examine effects of biomedical interventions on intra-individual processes determining the progression of physiologic decline to frank morbidity, disability and death. This suggests the impact of the agespecific schedule of interventions should be studied (some diseases having higher risks in certain age ranges) as should diseases (and conditions like obesity) with significant functional impairment (e.g., osteoarthritis and peripheral neurological consequences of diabetes) but small, not immediate, mortality risk.
Many health policy, economic and aging researchers initially rejected the concept that functioning at later ages (e.g., 65ϩ) could be significantly improved. In 1980, there was little US population evidence to indicate the age at onset of chronic disability increased in parallel to increases in life expectancy (25) . The Greenspan Commission suggested, in 1982, unanticipated increases in US male life expectancy 1969 to 1980, be adjusted by an increase in the normal retirement age from 65 to 67. The 1982 to 2004 NLTCS and linked Medicare records are currently the primary longitudinal data source for documenting chronic disability declines in the elderly (3). Britain (to 69 years) and Japan (to 74 years) are now considering larger increases in the retirement age to respond to increased longevity. Manton et al. (3) found much of the recent increase in longevity is spent in physically active states.
Analysis of US labor force dynamics (23, 26) suggests that, for US economic growth to continue, improvements in human capital at late ages is not only desirable, but necessary (1). Increased investment in health research and improvement is necessary to enhance the human capital infrastructure necessary for current economic stimulus plans to succeed. This is because the rate of growth of the US labor force is projected to decrease, for example, from 1.2% 1996 to 2006 to 0.8% from 2006 to 2016. In addition the length of training for high technology occupations is increasing, and rapid rates of technological innovation require re-training for elements of the labor pool to switch to new high technology occupations. Such processes will affect economic growth in the US and its global competitiveness (4) .
In addition to positive NIH budget growth effects on human capital the rate of increase in per capita Medicare expenditures may moderate as individual health is improved at later ages [e.g., ages 65 and 85 (3) In Figs. 2 A-D it is hard to discern the correlation of NIH expenditures with mortality declines. To make this transparent, in Figs. 3 A-D, this relation is plotted, after filtering for inflation, with investment averaged over a 10-year window and rates agestandardized to remove confounding effects of changes in population age structure. In Fig. 3 A-D we present the correlation of the age-adjusted mortality rate to 10-year aggregated institute-specific inflation adjusted budgets for 4 chronic diseases. To help relate this nonlinear correlation to calendar time we include dates for specific events on the trajectories Since expenditures are inflation adjusted, trajectories can ''fold back'' (i.e., ''real'' expenditures may decrease). A 10-year window was used to aggregate expenditures because research expenditures accumulated over such a time window better predict scientific advances than concurrent single year budgets. The 10-year window was selected based on the typical time (10 to 15 years) between major shifts in institute budgets and the emergence of health effects for specific diseases.
Three causes show an acceleration of mortality declines after passing a threshold 10-year budget level. Figs. 3 A and B show circulatory disease mortality was responsive to investment to establish a disease specific biotechnology, clinical, and basic science base. Instead of decreasing returns, disease specific benefits accrued at an increasing rate once the threshold for a disease was established. In Fig. 3C , despite increases in the inflation-adjusted NCI budget to 1986, cancer mortality rates increased. The NCI budget decline 1986 to 1990 was concurrent with continuing increases in cancer mortality. Despite continuing declines in inflation adjusted expenditures to 1995, cancer mortality stated to decline in 1990.
For diabetes (Fig. 3D) , we may not have yet reached the level of scientific understanding necessary for rapid mortality reductionsas distinct from modification of the risk of related co-morbidity. Funding for diabetes (NIDDK) followed a trend similar to that for both CVD (NHLBI) and stroke (NINDS). Anticipating the same lag as for CVD and stroke, one could expect a downturn in diabetes mortality. Although a decline is evident 1970 to 1990, thereafter diabetes mortality increased. This may be because the most common risk factor for diabetes is obesity as measured by high body mass index (BMI). Diabetes is 3 times more prevalent for individuals with a BMI of 35ϩ relative to those with BMIs below 30. For BMIs of 30 to 35, there is a 50% to 100% increased prevalence relative to BMIs below 30 (see 27). In surveys (28) obesity was stable, 1960 to 1980, for females aged 60 to 74 and for the total population aged 20ϩ. After 1980, obesity increased. Although the age adjusted prevalence of obesity and diabetes increased, treatment and health outcomes for diabetic individuals improved significantly (29, 30) , delaying population mortality increases. Analyses of mortality from CVD and stroke show a lag of 10 to 15 years from the time research funding increased until a mortality effect was observed. For both CVD and stroke, in the first decade after the effect was visible, mortality declined 2.5% to 3% per annum. Increases in obesity starting in 1980 appear mitigated by research, delaying diabetes mortality increases until 1990, that is, the 4.5% per annum increase in obesity prevalence is offset by an 2.5% decrease in mortality. After 1990, diabetes mortality should increase 2% per annum due to obesity. Fig. 3D shows a 2.5% per annum increase in mortality 1990 to 2004. Had obesity prevalence remained constant (a counter factual case) diabetes mortality would have dropped from 17 per 100,000 in 1980 to 9 in 2004-a proportionate decrease similar to that observed for CVD and stroke. The rise in obesity may reflect adverse effects of nutritional changes that earlier fueled many dimensions of positive population health gains, that is, in the competition between obesity increases, and improved clinical control of circulatory risk factors, biomedical research advances dominated health risk trends.
Health Time Trend and Budget Correlations
The proportion of GDP associated with NIH funding spiked at 0.33% in 1962 and 0.30% in 1974. Post-1960, its low was 0.16% (in 1997). The 1998 to 2003 doubling increased the NIH/GDP ratio to 0.23%. In real terms, NIH research investment was modestly increased by the 1998 to 2003 budget doubling. It was not as significant, nor prolonged, an increase in funding as the War on Cancer. It is far lower than the current per annum increases for all scientific research in China (17%), which occurred over a longer period (12 years) (4) . Evaluation of the level of investment in research suggests that a significantly greater, and more prolonged, investment in NIH, and indeed all, federal research would provide a greater stimulus to US economic growth (1) .
The trajectory of NIH funds with age-adjusted total mortality is displayed in Fig. 4 . The dotted line indicates the least square fit of age adjusted mortality to the expenditure trajectory with 4 shift parameters 1) NIH formation (1948) up to the first evidence of a national health impact (1950 to 1969), 2) Budget growth (1970 to 1989) stimulated by the War on Cancer (1972) leading to the emergence of cancer mortality declines (1990), 3) a slowing of improvements due to relatively low funding levels (1990 to 1997), and 4) ''doubling'' of the NIH budget after the passage of the Balanced Budget Act of 1997 (1998 to 2003). The regression fit over the 55 years was excellent, explaining 98% of the variation of age-adjusted mortality rates. Although the fit does not prove causation it makes the search for alternate explanatory variables of equal power difficult. The plausibility of the longitudinal correlations is substantiated by numerous studies indicating the cost effectiveness of specific innovative clinical strategies for circulatory diseases (22, 31)-many of which would not have developed without NIH involvement. Thus, there is considerable evidence on the mechanisms linking correlations of NIH funding growth and population health improvements.
In Fig. 4 , the dotted line at the top (constant age adjusted mortality rate) reflects our null hypothesis that adverse trends in socioeconomic and environmental conditions post WWII would sustain chronic disease mortality risk levels even in the face of biomedical innovation due to NIH research. This is a conservative ''null'' hypothesis assumed to determine the number of deaths ''averted'' over time due to NIH (and sister agencies, e.g., CDC) activities-scientific, clinical, public health, and education. A more adverse null hypothesis assuming declining national health based on obesity increases (to 2000) and increased smoking risk (to 1995) would produce larger estimates of ''averted'' deaths. Table 1 shows the highest annual number of excess deaths averted (1.47 million) occurred 1998 to 2004. The average deaths averted per annum 1950 to 1969 is only 60,000-mostly due to CVD. Thus, progress was slow for early NIH activity and accelerated with time. If one assumes the initial 60,000 deaths averted per annum are due to public health interventions (pre-1950) not related to NIH research (e.g., improvements in water quality and nutrition), and that such interventions continue (although, some like improved nutrition, may have significant negative effects), one can discount the 3 later stages by the early population weighted averted deaths   ------------------------------------------------------------------- per annum (i.e., 60,000 ϫ 2 ϭ 120,000 to reflect the doubling of the US population 1950 to 2000). This reduces the deaths estimated to be averted to 1.35 million. Using averted death estimates discounted by pre NIH rates of improvement the NIH inflationadjusted per annum costs per 1,000 averted deaths declined from $635,000 in the 1970 to 1989 period to $518,000 in the fourth period suggesting synergisms of the accumulated productivity of research investment streams leading to cost-effective technological innovations at the national level over time.
A Significant Number of Cancer Deaths Were Averted Based on the Peak Cancer Mortality Rate Observed in 1990
In Table 1 , no diabetes deaths were averted. However, if one uses a counter factual argument that the deaths expected to be averted should be calculated based on observed obesity trends, and the age specific risk of obesity-related risk factors in 1950, diabetes mortality would have been reduced. After accounting for obesity trends, NIH research may have produced relatively as much benefit for diabetes as research for CVD.
In Table 2 , we illustrate 3 economic benefits associated with health changes related to NIH expenditures. 1) GDP increase plus 20% for health capital as estimated for the 1990s in Table 3 
Summary
We showed the long-term correlation of increases in NIH funding and reductions in national cause specific mortality rates. Table 1 quantifies this in terms of deaths averted. Use of Medicare costs, labor force participation rates, and disability prevalence data allow calculation of the degree to which the US elderly labor force is preserved by improved health. Returns are large (5) . If NIH had not been formed, many fewer deaths would have been averted, because many public health and health education programs would not have occurred and the dissemination of biomedical innovations to general practice would have been far slower. Failure to respond to chronic disease and population aging in the US labor force would have been aggravated by changes in health due to obesity prevalence and smoking increases (to 1990 ). This paper complements Manton et al. (3) which demonstrates continuing declines in the prevalence of chronic disability and increases in active life expectancy and Manton et al. (1) , which shows how health changes stimulate US economic growth by enhancing labor force size and quality. This paper relates those phenomena to NIH funding and research. An important next step is to determine the level of NIH and other research necessary to achieve the labor force increases suggested in Manton et al. (1) . The discussion indicates that relating such investment to changes in health parameters will be difficult because of the non-linear nature of the relation. Additionally, the nature of future health effects will change because they occur at increasing ages. To compensate for the slower future growth of the US labor force (e.g., from 1.2% per annum in 1996 to 2006 to 0.3% after 2017) on economic growth, the size of NIH expenditures relative to GDP should quadruple to about 1% (Ϸ$120 Billion) and be done sufficiently rapidly (10 years) to compensate for the slowing growth of the US labor force.
